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ABSTRACT The simian virus 40 (SV40) DNA segments 
present in a series of adenovirus-SV40 hybrids have been 
mapped with respect to the sites of cleavage of SV4,O DNA 
by restriction endonucleases. Two approaches have been 
used. First, nucleic acid hybridizations were performed 
between equimolar quantities of the denatured DNAs 
of SV40 and each hybrid virus and the radiolabeled 
transcripts of 11 DNA fragments obtained by cleavage of 
SV40 DNA by restriction endonuclease from 1Iemophilus 
influenzae. Secondly, selected fragments of SV40 DNA 
produced by the H. inflrcenzae or H .  parainfluenzae re- 
striction endonucleases were used to form heteroduplex 
DNA molecules with adenovirus and ade1iovirus-SV40 
hybrid l ) N h ,  which were then analyzed by electron mi- 
croscopy. The two sets of data were consisterit and have 
permitted alignment of the map of the SV40 segments of 
the hybrid viruses with the H .  inpuenzae and H .  para- 
influenzae cleavage maps of SV40. Since cells infected with 
some of the hybrid viruses contain one or more SV40- 
specific antigens, the genetic determinants of these anti- 
gens could be localized on the cleavage map. 

Two approaches to  mapping the simian virus 40 (SV40) 
genome have recently been developed. One approach makes 
use of bacterial restriction enzymes tha t  cleave SV40 DNA at 
specific sites. Of particular value for mapping studies are 
the RI restriction endonuclease from Escherichia coli 
(l), which makes a unique double strand break in SV40 
DNA (2 ,  3) ; restriction endonuclease from Hemophilus 
injluenzae (4), which cleaves SV40 DNA into 11 fragments 
(5) ; arid restriction endonuclease from Hemophilus parain- 
jluenzae (6), which produces four fragments from SV40 DNA 
(7). The fragments produced by these enzymes have been 
ordered into a cleavage map of the SV40 chromosome (8). 
Using this map as a reference, it has been possible to  locate 
the origin and terminiis of DNA% replication (9) as well as 
regions of the SV40 genome tha t  serve as templates for 
“early” and “late” transcription of SV40 RNA in productively 
infected cells (10). 
iZ second approach to  mapping the SV40 genome involves 

the use of a series of liondefective adenovirus (;\d2)-SV40 
hybrids (designated Ad2 +NTll through Ad2 +ND5) whose 
genomes contain specific; over1apl)iiig segmeiits of SV40 

Abbreviations: Adz, adenovirus 2 ;  Ad7, adenovirus 7; SV40, 
simian viriis 40; Ad2 +.NIL; ,  adenovirus 2-SV40 hybrids, no. 
l-.?: Hin,  from Hcinophilus in$ucnrac; Hpn,  from €1. para- 
in$uc.nzac; TSTA, t iimor-specific Ir~iisplsritatiori antigen. 

DNA covalently inserted a t  a unique point into the Ad2 D N A  
molecule (11-15). The SV40 segments of the various hybrids 
have recently been mapped relative t o  one another (14) and 
relative to  the unique RI cleavage site (15). Since the non- 
defective Pld2-SV40 hybrids induce certain SV40 antigens 
during growth in susceptible cells (16), it  has been possible t o  
coiistruct a map that  relates regions of the SV40 genome t o  the 
induction of specific SV40 antigens (14, 15). 

IJtilizitig nucleic acid hybridization methods of two types, 
the present study addresses itself t o  the relationship between 
the H .  injluenzae (Ilin) and H .  parainfluenzae ( H p a )  restric- 
tion endonuclease cleavage maps of SV40 and the map of the 
SV40 segments of the hybrid viruses. In the first type of ex- 
periment, we employed E. coli R N A  polymerase to  prepare 
radiolabeled trailrcripts of the DNA% fragments produced by H .  
influenzae endonuclease: these were then tested for homology 
with the SV40 segments of the various hybrids. In the  second 
type of experiment, heteroduplex DNA molecules containing 
complementary strands derived from a restriction endonu- 
clease fragment and from one of the hybrids (hd2+WDl) 
were visualized in the electron microscope, allowing direct 
determination of the homologous regions. Our results are 
consistent with those of Kelly and Lewis (14) and Morrow et 
al. (15) with respect to  the size aiid relationship of the SV40 
D N A  segments in the hybrid viruses, and, in addition, place 
the common endpoint of these segments (14, 15) in the Hin-G 
fragment. Our results also permit construction of a colinear 
genetic map relating the specific fragments of SV40 DNA 
derived from H .  injluenzae aiid H .  parainjluenzae restriction 
endonuclease cleavage of the SV40 genome to the segments 
of the SV40 genome contained within each of the adenovirus- 
SV40 hybrids. Thus, the genetic determinants of early SV40 
antigens-IT, TSTA, and T-could be localized on t’he SV40 
cleavage map. 

MATERIALS AND METHODS 

Viruses, Host Cells, Virus PuriJcation, DN;1 Icxtraction. 
Strain 777 SV40 and a small-plaque isolate of strain 776 
SV40 were grown on 13SC-1 cell motiolayers(l7). SV40 DNA I 
wa.s purified by IIirt extraction (18) and CsC1-ethidium 
bromide centrifugation (19), as previously described (5, 20). 
Ad2 aiid -1d2-SV40 hybrid growth, purificatioii, and D N A  
extraction have been described elsewhere (13, 20). 
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FIG. 1. Hybridization of the [3H]Hin-B t,ranscript, 20,000 
input cpm, to increasing quantit>ies of the denatured DNAs of 
SV40 and Ad2 +ND,. 

Preparation of DN-4  Fragments. The 11 D N A  fragments 
derived from EZ. influenme restrict,ion endonuclease cleavage 
of intact SV40 DN.4 I, purified from cells infected with SV40 
derived from both strain 776 and 777 virus, were prepared as 
previousy described ( 5 ) .  These have been designated H i n - A  
through K. The H .  parainjhenzae fragments were prepared 
as previously described (7) ; these have been designated Hpa-A  
through D. 

Preparation of RNA Complementary to D N A  Fragments. 
H i n  fragment transcriptions were carried out in 31-p1 reaction 
mixtures containing 0.18 M KCI,  0.033 M Tris.HCI, p H  7.9, 

6 m M  mercaptoethanol, 3.3 mM MgCl,, 0.165 m M  ATP, 
CTP,  GTP,  and UTP,  0.02-0.1 pg of a single fragment and 5 
pg of E. coli 1113 R N A  polymerase (EC 2.7.7.6) (21). [a- 
32P]ATP (sp. act. 20.6 Ci/mmol) or [3H]ATP, CTP,  and 
‘CJTP (sp. acts. 13.4, 19.8, and 24.5 Ci/mmol) were included in 
each polymerization. After 30 min at 3 7 O ,  1 pg of RNase-free 
pancreatic DNase (EC 3.1.4.5) was added and the reaction 
allowed t o  proceed for a n  additional 10 min. Reactions were 
terminated by sodium dodecyl sulfate-phenol treatment and 
the R N A  was separated from substrate and precipitated as 
previously described (21). 

Nucleic Acid Hybridizations. Nucleic acid hybridizations 
were performed by modification of the  methods of Gillespie 
and Spiegelman (22) for 16 hr  at  67’ as previously described 
(20). For experiments comparing the extent of binding of 
fragment transcripts t o  the DNAs of SV40 and the Ad2-SV40 
hybrids, equimolar amounts of DNA were fixed to  filters- 
0.13 pg for SV40 (molecular weight, 3 X lo6) and 1.0 pg for 
the hybrid viruses (molecular weight, 23 X lo6). Constant 
molar quantities of the RNA transcripts of Hin-A-K were 
also introduced into the hybridization reaction in the com- 
parative binding studies. Calculations were based on the 
percentage of the SV40 genome spanned by each DNA frag- 
ment (9). 

Heteroduplex Formation and Electron Microscopy. Hetero- 
duplexes containing strands from Ad2, Ad2+NDl, and Hin-I3 
or Elpa-C DNA molecules were prepared according t o  the 
method of Davis et al. (23). A solution containing Ad2 DNA 

TABLE 1. Nucleic acid hybridization between R N A  transcripts of simian virus 40 (SV4O) 
D N A  frlcgments and the D N A  of adenovirus-SVd0 hybrids 

Total cpm hybridizedt 
(percent of total cpm hybridized to  SV40) Total cpm hybridized SV40 

DNA Input* ~__________ 

fragment cpm Adenovirus 2 SV40 Ad2 +NDi Ad2 +ND2 Ad2 +ND3 Ad2 +ND, Ad2 +NDj 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

31,280 

20,008 

13,030 

13,303 

11,420 

9,840 

8,710 

7,310 

6,520 

5,820 

5,260 

26 

10 

12 

18 

9 

11 

4 

8 

5 

3 

3 

8,750 

6,800 

2,868 

4,216 

3,160 

2,718 

2,358 

2,318 

1,731 

1,042 

928 

54 
(0.61) 
6,330 
(93.0) 

16 
(0.56) 

16 
(0.38) 

7 
(0.22) 

11 
(0.40) 
2,239 
(94.7) 

4 
(0.17) 

7 
(0.40) 

3 
(0.29) 

3 
(0.32) 

1,920 
(22.0) 
6,852 
(101) 

16 
(0.56) 

12 
(0.28) 

9 
(0.28) 

16 
(0.59) 
2,384 
(100) 

2,638 
(114) 

1,905 
(110) 

3 
(0.29) 

3 
(0.32) 

32 
(0.37) 

204 

6 

17 
(0.40) 

5 
(0.16) 

5 
(0.18) 
2,719 
(115) 

3 
(0.13) 

7 
(0.40) 

3 
(0.29) 

2 
(0.22) 

(3.0) 

(0.21) 

5,374 
(61.5) 
5 ,  ,573 
(82.0) 

15 
(0.52) 

3 
(0.07) 

5 
(0.16) 

5 
(0.18) 
1,830 
(77.5) 
2,595 
(112) 

1,590 
(91.9) 

0 

2 
(0.22) 

79 
(0.90) 
7,460 
(110) 

28 
(0.98) 

38 
(0.90) 

13 
(0.41) 

15 
(0.55) 
2,110 
(89.0) 

538 
(24.1) 
1 ,6.il 
(93.4) 

7 
(0.67) 

3 
(0.32) 

* RNA transcripts of the Him-A, B, C, G, 13, I, and J fragments were derived from polymerizations in which [3H] ATP, UTP, and CTP 
served as radio-labeled substrates as described in Itlaterials and Methods; t,hese transcripts had a specific activity of 12,800 cpm/pmol. 
RNA transcripts of the 11, E, F, and K fragment,s were derived from polymerizations in which [oI-~~PIATP (sp. act., 20.6 Ci,/mmol) served 
as the radiolabeled substrate; the specific activity of these transcripts was 10,600 cpm/pmol. 

t All values are averages of two or more determinations. 
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(5 pg/ml), Ad2 +NDI DNA (5  pg/ml) and Hpa-C DNA (0.2 
pg/ml) was made 0.1 N in NaOH, allowed t o  stand 5 min at 
25", and then neutralized by addition of one-tenth volume of 
I M Tris.HC1, p H  7.1.  An equal volume of formamide was 
then added and the DNA allowed to  renature at 25' for 17 hr. 

DN.4 samples were mounted for electron microscopy by the 
formamide method (23) in order to  visualize both single arid 
double strands. Micrographs were taken on a JEM IOOB 
electron microscope. Contour lengths of traced molecules 
were measured with a Keuffel and Esser 620300 map mea- 
surer. 

RESULTS 

Transcripts of H i n  Fragmenfs. Transcription of all 11 
fragments derived from H .  influenme restriction endonuclease 
cleavage of intact SV40 DNA were analysed by polyacryl- 
amide gel electrophoresis in 100% formamide (results not 
presented) in a n  at tempt  t o  ascertain if they were transcribed 
in their entirety. For each fragment, the transcript consisted 
of one or more discrete bands of RNA. Each fragment 
transciipt contained one band of approximately the size es- 
pected for the  transcript of one entire strand of the  template 
DNA fragment. For certain fragments, bands of R N A  of 
larger size were noted. It thus appears very likely tha t  all or 
nearly all of a t  least one strand of each DNA fragment is 
transcribed into complementary RNA. 

Hybridization o j  Transcripts to SV4O and Hybrid Virus 
DNA.  In  an at tempt  to  quantitate the representation of each 
DNA fragment in the genome of each hybrid virus, hybridiza- 
tion esperimerits were performed in which equimolar quanti- 
ties of SV40 and hybrid virus D N A I  were introduced into the 
hybridization reaction. Under these conditions, equivalent 
binding of a fragment transcript to  SV40 and hybrid virus 
DNA should indicate the presence of the entire fragment in 
the hybrid genome, whereas lesser degrees of binding should 
reflect the fraction of a given fragment represented in the  
hybrid genome. To  test this supposition, the transcript of the  
SV40 Hin-I3 fragment was annealed to  increasing quantities 
of SV40 and Ad2+ND2 DNAs (Fig. 1). For  SV40, binding 
increases linearly up to  0.13 pg per filter, after which a 
plateau is reached corresponding to  binding of 35y0 of 
input counts. The shape of the binding curve for Ad2fND2 
is essentially identical to  that  for SV40 with a plateau reached 
a t  32.2% of input radioactivity, but  with the linear portion 
of the curve reaching 1.0 pg of DNA per filter. The identical 
shape of these binding curves, the  comparability of the 
plateau levels reached, and the identical extent of binding at 
equimolar quantities of DN.4 per filter indicate the presence 
of the complete Win-13 fragment in Ad2+ND2 and support 
the validity of assessing quantitative representation of the 
DNA fragments in the hybrid viruses by means of binding 
to  equimolar quantities of DNA. 

The results of hybridizations between equimolar quantities 
of DNA from SV40 and the five Iioridefective Ad2-SV40 
hybrids and radiolabeled RNX transcribed 'on each of the  I1 
H i n  DNA fragments are present'ed in Table 1. 13indiiig be- 
tween the followiiig specific H i n  fragment transcripts and 
Ad2-SV40 hybrid DNAs is quantitatively equivalent t o  
binding urider identical conditions to  a n  equimolar quantity 
of SV40 DNA: G transcript and Ad2+ND3 I)NLZ; G arid I3 
trailscripts aiid Ad2+NDl DNA; G, I$, aiid I transcripts 
and Ad2+Nl15 DX-I; and G, 13, I, and H transcripts and the 

--- --- 

FIG. 2. The Ad2/Ad2 +NI>,/Hpa-C heteroduplex. The 
heteroduplex between IINA strands of Ad2 and Ad2'NIh has 
been described previonsly (14). It contains a single substitution 
loop. One strand of tbis loop (labeled Ad2 in this diagram) cor- 
responds to t,he Ad2 deletion in Ad2+NI>l and measures 0.054 
fractional Ad2 lengths. The other strand of the snbstitution loop 
is the SV40 segment of Ad2+NI>1 aiid measures 0.178 fractional 
SV40 lengths. In the AdZ/Ad2+Nlh/Hpa-C heteroduplex 
shown here, an Hpa-C I>NA strand has hybridized with part of 
the SV40 segment, of Ad2+NIh. The port,iori of Hpa-C homol- 
ogous wit.h t,he SV40 TINA segment of Ad2+NI), is designated 
C l .  The portion of H p a X  that extends beyond the end of the 
SV40 DNA segment of Ad2 +NIh  is designated C2. The portion 
of the SV40 segment, of Ad2+N1l1 that lies outside Hpa-C is 
designated S .  

DNAs from both Ad2+ND2 and Ad2+ND4. Less than equiva- 
lent degrees of binding are seen between the following: I3 
transcript and Ad2+ND? DNA; H transcript and Ad2+ND5 
DNA; and A transcript and the DNAs of Ad2+NT>a and 
kd2'NDI. The  significance of these lesser levels of R N A  
binding is supported by a linear increase in binding with 
increasing amounts of input RNA. 

Electron dbicroscopy of Heteroduplex Molecules. As a 
separate approach to  relating the SV40 cleavage and hybrid 
virus maps arid in order to  align the maps as precisely as 
possible, we prepared heterodupleses between the D N d  
strands of Ad2, Ad2+NDl, arid a n  SV40 DNA fragment cor- 
responding to  one end of the  Ad2+NDl SV40 segment. Since 
the Hpa-C fragment contains Hin-i3 and Hin-I (ref. 8 
and Fig. 3) i t  should overlap the SV40 segment of Xd2+ND1 
(see Table 1). Under the conditions employed for mounting 
the DNA for electron microscopy both single and double 
strands are visible and distinguishable, so that  the esterit of 
homology between Hpa-C and the SV40 DNA segment of 
Ad2+NT>l could be determined by length measurements. 
Fig. 2 shows a typical rZd2/=ld2+ND1/Npn-C heteroduplex 
and Table 2 summarizes length measurements on 16 such 
molecules. The portion of Hpa-C; that  is homologous to the 
SV40 segment of hd2+NT>1 measures 0.122 fractioiial SV40 
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Colinear map of the SV40 genome relating the SV40 segments in six adenovirus-SV40 hybrids to the Hpa and H i n  rest,riction 
endonuclease cleavage maps. The map of the SV40 segnients of the noridefective hybrids is derived from the data in Table 1 and Kelly 
and Lewis (14), and for E46+ from the data of Lehwit,z (24). The Hpa and Hin cleavage maps are derived from 1)arinrt d a/. (8). For 
further description, see Discussion. 

FIG. 3. 

lengths and the portion of Hpa-C tha t  lies outside the'SV40 
segment of Ad2+ND1 measures 0.075 fractional SV40 lengths. 
The sum of these two lengths agrees well with the observed 
length of Npa-C [0.195 fractional SV40 lengths as determined 
by Sack and Nathans(7)l. 

Since, as shown in Table I, ,4d2+Nnl DNA hybridizes 
with the RNA transcript of Win-B but not  with t h a t  of 
Hin-I, Hpa-C is oriented with respect t o  the SV40 segment 
of the hybrid such tha t  the  Nin-I portion is in the non- 
hybridized part of Npa-C. This orientation has been con- 
firmed by examining heteroduplexes between Hin-B, Ad2, 
and Ad2+ND1 DNA. These rZd2/Ad2+ND1/Hin-R lietero- 
duplexes are similar to  the Ad2/Ad2+ND1/Hpa-C hetero- 

TABLE 2 .  Ad2/Ad2+NDI/Hpa-C heteroduplexes 

Length (fractional 
SV40 lengths f SE) DNA segment 

C1 (portion of Hpa-C homologous 
to SV40 segment of Ad2+ND,) 

C2 (portion of Hpa-C not homologous 
to  RV40 segment of Ad2'NDI) 

Total 
Length of Hpa-C [Sack and Nathans 

S (portion of SV40 segment of 
(711 

Ad2 +KD1 not homologous to 
Hpa-C) 

C1 (portion of SV40 segment of 
Ad2 +N1)1 homologoils to  Hpa-C) 

Total 
Length of SV40 segment of Ad2 +XD1 

[Kelly and Lewis (14)] 

0.122 f 0.005 

0.07.5 =t 0.003 
0.197 

0.1% 

0.0.52 f 0.003 

0.122 =k 0.00.5 
0.174 

0.178 

duplex shown in Fig. 2 except that  the unpaired strand (cor- 
respondirig to  segment C2) is shorter by about 0.05 frac- 
tional SV40 lengths, the length of Hin-I. In summary, these 
data  indicate tha t  one end of the SV40 segment of the Ad2+- 
NDI hybrid is 0.075 SV40 lengths from the Hin-I end of 
Hpa-C. 

D J  SCUSSION 

The results reported in this paper are summarized in Fig. 3, 
which shows n cnml~arison of t)he clea,vn.ge map of SV40 with 
the map of the SV40 segments of the adenovirus-SV40 
hybrids. The Rr restriction endoiiuclease cleavage site, 
which serves as the zero poiut of the map, has been located a t  
0.11 map units (Le., fractional lengths of SV40 DNA from the 
RI site) from the common endpoint of the SV40 segments of 
the noiidefective hybrids (3, 15) and has been mapped within 
the Hin-F SV40 DNA fragment (8). On the basis of the 
DNA: RNA hybridization data  presented in Table 1 the 
segments of SV40 DNA contained in  the hd2-SV40 hybrid 
viruses are colinear with the SV40 genome, originate near the 
end of the Hin-G fragment closest t o  the RI cleavage site, 
and cover 0.064 (Ad2+ND.J, 0.200 (Ad2+XD,), 0.273 
(Ad2+XD5), 0.365 (.-\d2+ND2), arid 0.463 (Xd2+XD4) frac- 
tional lengths of the SV40 genome. This quaiititation is in 
good agreement with the data  of Morrow et al. (15). The 
SV40 segment of the defective E46+ hybrid is also colinear 
with SV40 JINB, begins at or near the same site as the SV40 
segments present in the nondefective hybrid viruses, and 
includes 0.60 fractional lengths of the SV40 genome, termi- 
nating about one-half of the distance into the Hin-C frag- 
ment (24). It should be pointed out tha t  the demonstration 
of colinearity of the hybrid SV40 segments with the SV40 
genome by means of hybridizatioii with trailscripts of specific 
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Hin fragments independently establishes the order of these 
fragments in the SV40 DNA molecule. 

The appearance of specific SV40 antigens in cells infected 
with the different hybrid viruses (16, 25, 26) coupled with the 
data  of Kelly and Lewis (14) and Morrow et al. (15) has 
allowed the ordering of the genetic determinants of these 
antigens on the SV40 map: U, TSTA, and T, proceeding dis- 
tally from the RI cleavage site, as shown in Fig. 3. The 
present nucleic acid hybridization data  provide ail inde- 
pendent line of evidence confirming the ordering of the genetic 
determinants of these antigens; the data  also permit localiza- 
tion of these determinants on the SV40 cleavage map. Since 
these antigens appear prior to  SV40 DNA replication, these 
genetic, loci are part of the “early” region of the SV40 chromo- 
some. Recently, Khoury et al. (10) have reported that  stable 
“early” SV40 R N A  isolated from infected cells hybridizes 
with Hin-H and I and part  of h and 13. On the assumption 
tha t  the “early” region is a continuous segment of the genome, 
they have estimated that  i t  extends from 0.26 t o  0.57 map 
units (Fig. 3). Consistent with these limits are the findings 
that Xd2+Pu’l)4-infected cells contain all the species of “early” 
SV40 R N A  found in SV40-infected cells (27 ) ,  and that  Ad2+- 
NDl DNA contains both “early” and “late” SV40 DNA 
sequences (28). 

Khoury et al. (10) have also shown tha t  “early” transcrip- 
tion of SV40 DNA in infected cells occurs from right to  left 
as  the  map is drawn in Fig. 3. This suggests tha t  transcription 
of the  SV40 segment contained in  some of the  hybrids may 
begin within the  Ad2 DNA t o  the right of the SV40 segment, 
yielding ail i2d2-SV40 hybrid m R N A  It is possible tha t  
some hybrid RNA molecules of this type might fail to  func- 
tion as  a messenger or be translated out of phase, thereby 
sccouriting for the lack of detectable SV40 antigens in cells 
infected with certain hybrid viruses. 

Another interesting feature of the  comparative maps is 
the  common left end of the SV40 segments of all the  nori- 
defective Ad2-SV40 hybrids within fragment Hin-G (14, 15). 
Since these hybrids were all ultimately derived from a single 
virus pool, there is a t  present insufficient data  t o  indicate a 
preferential integration site for the insertion of SV40 DNA 
into the adenovirus genome. Nonetheless, i t  is of great 
interest that the insertion of SV40 DNA into the Ad7 genome 
of E46+ has also occurred in Hin-G at :t site in close proximity 
to the site of origin of the SV40 segments in the nondefective 
hybrids. It is also curious tha t  Hin-G also contains the site 
for termination of SV40 DNA replication (9), ail event t h a t  
is likely to  require breakage arid rejoining of DNA strands, 
analogous to  recombination during integration of SV40 
DNA into adenovirus DNA. Whether these two reactions 
are related remains to  be determined. 
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